The road to the discovery of a vaccine for HIV has been arduous and will continue to be difficult over the ensuing twenty years. Most vaccines are developed by inducing neutralizing antibodies against the target pathogen or by using attenuated strains of the particular pathogen to engender a variety of protective immune responses. Unfortunately, simple methods of generating anti-HIV antibodies have already failed in a phase III clinical trial. While attenuated SIV variants work well against homologous challenges in non-human primates, the potential for reversion to a more pathogenic virus and recombination with challenge viruses will preclude the use of attenuated HIV in the field. It has been exceedingly frustrating to vaccinate for HIV-specific neutralizing antibodies given the enormous diversity of the Envelope (Env) glycoprotein and its well-developed glycan shield. However, there are several antibodies that will neutralize many different strains of HIV and inducing these types of antibodies in vaccinees remains the goal of a vigorous effort to develop a vaccine for HIV based on neutralizing antibodies. Given the difficulty in generating broadly reactive neutralizing antibodies, the HIV vaccine field has turned its attention to inducing T cell responses against the virus using a variety of vectors. Unfortunately, the results from Merck's phase IIb STEP trial proved to be disappointing. Vaccinees received Adenovirus type 5 (Ad5) expressing Gag, Pol, and Nef of HIV. This vaccine regimen failed to either prevent infection or reduce the level of HIV replication after challenge. These results mirrored those in non-human primate testing of Ad5 using rigorous SIV challenge models. This review will focus on recent developments in HIV vaccine development. We will deal largely with attempts to develop a T cell-based vaccine using the non-human primate SIV challenge model.
SIV challenge of non-human primates is perhaps the best way to test HIV vaccine concepts [1] [2] [3] [4] [5] [6] . SIV and HIV share similar genomic organizations [7] . Similar to HIV, SIV uses CCR5 to infect activated CD4 cells [8] [9] [10] . And SIV, like HIV, depletes activated CD4 cells from the gut immediately after infection and causes a slow decline in total CD4 cells over time, eventually leading to opportunistic infections and subsequently death [11, 12] . SIV challenge of non-human primates thus recapitulates many of the essential elements of HIV infection. Unfortunately, most SIV challenges of Indian rhesus macaques take place with viruses that have sequence similarity to the vaccine SIV sequences [6, [13] [14] [15] [16] [17] . These homologous challenges do not replicate the kinds of HIV exposures that human vaccinees will face in the field. We will first discuss homologous challenges and then more recent results from heterologous challenges.
Challenge Virus
There are two main SIV challenges viruses utilized and they each have their own pros and cons. Most challenges to date have been performed using the closely related swarm virus SIVmac251 or the pathogenic clone SIVmac239 [4] [5] [6] [17] [18] [19] [20] . Several challenges have also been performed using SIVsmE660 [20] [21] [22] , which has sequence dissimilarities from SIVmac239 and SIVmac251 making it a bona fide heterologous challenge. However, SIVmac251 and 239 in particular have high viral set points of between 100,000 and 500,000, quite different from the viral set points of 30,000 seen in HIV-infected humans. SIVsmE660 on the other hand, has virus loads that are considerably lower in the chronic phase. Because it is a swarm virus, considerable animal-to-animal variability has also been observed with after mucosal challenge with this virus. This animal-to-animal variability can also be stock dependent. That is, different laboratories can have different stocks of virus, which can have different outcomes after challenge.
Homologous Challenges
It is now clear that vaccine-induced T cells can reduce virus replication after challenge with the highly pathogenic SIVmac239 [23] . Vaccination using three DNA primes and a single Ad5 boost expressing Gag, Tat, Nef, and Rev of SIVmac239 reduced peak viremia from 50 million to 4 million in Indian rhesus macaques repeatedly challenged mucosally with the highly pathogenic SIVmac239 clone (p=0.007). Furthermore, virus replication in the chronic phase was only 5,300 in the seven vaccinees compared to a set point of 150,000 in six control animals (p= 0.0192) (Figure 1 ). Since this vaccine regimen did not include Env, no Env-specific antibodies were engendered, and we can conclude that T cells raised by the vaccine controlled both peak and set point plasma viremia in this model utilizing a low dose repeated rectal SIVmac239 challenge.
These results were confirmed recently using an Ad5/Ad26 prime/boost utilizing SIVmac239 Gag sequences in Indian rhesus macaques [24] . Here vaccinated animals were challenged intravenously with SIVmac251 and peak virus load was reduced by a factor of 1.4 logs (29.5 x 10 6 to 1.1 x 10 6 , p= 0.002) and virus load at the set point in the vaccinees was 2.44 logs lower (3.7 x 10 3 compared to 1.02 x 10 6 ) than control animals in this study (p= 0.01). More recently, Louis Picker's group has recently shown that four animals vaccinated with a CMV vector expressing Gag, Tat, Rev, Nef, and Env controlled replication of the highly pathogenic SIVmac239 virus to small blips of viremia during the acute phase [25] . Two of these animals had only one or two positive readings of less than 100 copies/mL suggesting that the vaccine induced by the CMV-vectored inserts can achieve a remarkable level of control over acute phase replication. While Env was included in this particular vaccine regimen, no Env-specific neutralizing antibodies were present at time of challenge. Thus, vaccines designed to induce T cells can control replication of SIV without neutralizing antibodies.
There are, however, a number of caveats to these studies. The first is what sort of damage was inflicted by 10 6 copies/ mL during the acute phase in the first two studies described above? It's likely that the vaccinees lost the majority of their CD4 memory cells during acute phase virus replication and this will likely compromise the immune response to both SIV and a variety of other opportunistic pathogens later in the course of SIV infection. The other and perhaps more serious issue is that the vaccine and the challenge viruses were exactly matched (homologous challenge) in all three described studies. This is unlikely to happen with HIV vaccinees challenged in the field.
The goal of an HIV vaccine based on T cell responses should, therefore, be to limit virus replication during the acute phase and exert complete control in the chronic phase against a heterologous virus. Indeed, replicating the sort of encouraging data generated by the Picker Laboratory [25] with a heterologous challenge should be the goal of HIV vaccine development. That is two or three positive viral readings during the acute phase and then no evidence of virus replication in the chronic phase after a rigorous heterologous challenge ( Figure 2 ).
Heterologous Challenge
We recently conducted an experiment exploring whether T cell responses against a variety of different epitopes could control replication of SIV after a heterologous challenge [26] . We vaccinated eight animals with three DNA primes and a single non-replicating Ad5 boost with both the DNA and Ad5 vectors expressing all of the proteins in SIV proteome except for Env. We did not include Env because we were trying to address the role of vaccine-induced cellular T cell response in control of virus replication. Additionally, we excluded all animals expressing rhesus macaque MHC class I alleles that have previously been associated with control of virus replication, namely Mamu-A*01, Mamu-B*08, and Mamu-B*17 [13, 16, [27] [28] [29] . All animals were Mamu-A*02 positive so that we could follow antigen-specific T cell responses directed against epitopes bound by this particular MHC class I molecule [30] . Our vaccine induced high frequency T cell responses against the majority of the proteins in the vaccine. Using IFNγ Elispot, we detected an average of 12,000 SFC/10 6 PBMC in our eight vaccinees. Gag and Vif induced the highest frequency T cell responses. The vaccinees recognized an average of twenty different regions (epitopes) in the virus with Gag and Vif again being the most heavily targeted. We then challenged these animals with the heterologous swarm virus SIVsmE660. This virus differed from the vaccine strain by as much as one in four amino acids in Tat and one in twenty amino acids in p15 and p27 of Gag. This challenge mimicked the kind of challenge that a vaccinee might expect when the HIV exposure is of the same clade as the vaccine [31] . That is, a within-clade challenge. We also titrated our challenge virus so that one to three variants crossed the mucosal membrane. Again, we were trying to mimic the situation in humans where more recently it has been shown that in the majority of mucosal infections, only one to three different clones of HIV replicate in the acute phase. At 61 weeks after the first DNA vaccination, we challenged our animals with repeated mucosal exposures to 800 TCID 50 (1.2 x 10 7 viral copies/mL) of the heterologous swarm virus SIVsmE660. We carried out five challenges at this dose and if animals remained uninfected, we followed this with six doses of 4,000 TCID 50 (6 x 10 7 viral copies/mL). Our vaccine did not offer protection against acquisition of SIV infection. It took an average of four challenges to infect our eight vaccinees and four challenges to infect our control animals. This suggests that a T cell-based vaccine may not offer protection against acquisition of SIV infection.
We infected all eight animals in our control group. Two of eight animals have already succumbed to AIDS-associated opportunistic infections, each with virus loads above a million copies/mL in the chronic phase. One of the animals has an undetectable virus load at 45 weeks post infection and three additional animals have virus loads between 100 and 1,000 copies/mL at 40 weeks post infection. The other two animals have virus loads of close to a million copies at 40 weeks post infection. Using a low dose challenge model, we have now infected all eight of our naïve control animals recapitulating HIV infection of humans.
The results from the challenge of the vaccinees were quite unexpected. At 40 weeks post infection, we could not detect virus in six of our eight vaccinees. Most importantly six of the eight vaccinees had acute peaks of less than one million copies/mL. Thus this vaccine, while it did not prevent infection, controlled acute phase virus replication to less than 10,000 copies/mL and exerted a measure of control in the chronic phase with vaccinees averaging approximately 210 copies/ mL (Figure 3) . The naïve unvaccinated animals in this study had peak viremias of over a million copies/mL with a chronic virus level of approximately 80,000 copies/mL, similar to the chronic phase levels of virus replication in HIV-infected humans. Thus, this vaccine, for the first time, not only controlled chronic phase virus replication but also succeeded Figure 1 . Control of chronic phase viral replication achieved using a vaccine homologous to the challenge virus. We vaccinated eight rhesus macaques expressing Mamu-A*01 with DNA (three primes) and Ad5 (single boost) encoding Gag, Tat, Rev and Nef from SIVmac239. We then challenged the eight vaccinees (black closed triangles, solid line) and eight naïve animals (open triangles and dotted line) with SIVmac239 using a low dose intrarectal challenge protocol. Vaccinees experienced a log drop in peak (acute) viremia and a 1.5 log reduction in chronic viremia, both of which were statistically significant. in controlling acute phase virus replication. This control of acute phase viral replication may have reduced the damage to the all-important CD4 memory cell compartment, hopefully allowing a robust immune response to the infecting virus.
The vaccinees mounted high frequency anamnestic vaccine-induced T cell responses during the acute phase of challenge. One of the animals (r02103) that had six positive acute phase virus loads, all less than 300 copies/mL, mounted high frequency anamnestic T cell responses against several Mamu-A*02 bound peptides. For example, the T cell response against the Mamu-A*02-restricted GagGY9 epitope was 50 SFC/10 6 PBMC on day of challenge rising to 2500 SFC/10 6 PBMC at three weeks post infection during the acute phase of virus replication. Indeed, several of the T cell responses raised by the vaccine were expanded anamnestically ( Figure  4A,B) . Given the heterologous nature of the challenge, only approximately half of the T cell responses raised by the vaccine were expanded post challenge. Surprisingly, we observed massive expansions of CD4 T cells induced by vaccination post challenge (Figure 4) . Indeed, the majority of the T cells, both in terms of frequency and in terms of epitopes recognized Figure 4 . Broad vaccine induced anamnestic responses are present in animals that had limited viral replication at peak, and continue to control viremia to very low or undetectable levels in the chronic phase. Each panel shows the frequency of anamnestic responses at 2-3 weeks post challenge as measured by Elispot using pools of peptides (indicated on the x axis). Black bars represent responses seen in the entire PBMC population (panels A, C, E, G and I) whereas the responses represented by white bars are those observed in PBMC that have been depleted of CD8+ cells, which thereby represent CD4+ T cell responses (panels B, D, F, H, J). Peak and chronic viremia for each animal are shown in boxes. Since the entire PBMC population contains both CD4+ and CD8+ T cells, it is possible that these responses are present only in CD4+ T cells, but are observed in both populations. Responses that were found in both whole PBMC, as well as in CD8-depleted PBMC (CD4s) are indicated with a star (*) above the bar.
after challenge, came from the CD4 compartment. Is it possible that it was the vaccine-induced CD4 cells that were responsible for the success of this T cell-based vaccine? This is an intriguing hypothesis that probably should be explored in subsequent experiments.
Speculations
The replication-deficient Ad5-vectored STEP trial induced CD8 responses against very few epitopes in the HIV Gag, Pol, and Nef inserts [32, 33] . Future analyses hopefully will determine why T cell responses were raised against such a limited number of T cell epitopes. It is possible that preexisting antibody and T cell responses against the vector itself affected the T cell response to the inserts. We should perhaps explore vectors that are smaller and thus give the immune system a restricted choice of immunodominant epitopes in the vector itself. These immunodominant vector-specific T cell responses may drown out the T cell responses to the eptiopes encoded for by the HIV or SIV inserts. Additionally, it may be that we need to deliver these large SIV or HIV viral open reading frames in small segments to overcome immunodominance issues. By that, we mean that the dominant T cell response to an epitope either in the vector or the insert may preclude the development of CD8 T cell responses to subdominant epitopes that may be efficacious in the face of viral challenge.
It is possible to make a T cell-based vaccine. Of course it would be ideal to induce neutralizing antibodies. A combination of both vaccine-induced antibodies and T cells would be optimal. But unfortunately we don't have any candidate antibody-based vaccines yet. We know that attenuated SIV vaccines likely work because of MHC class I-CD8 interactions [34] . Recently, it has been shown that several vaccine regimens in which Env has been purposefully excluded can control replication in both the peak and chronic phase after both homologous and heterologous challenge [23] [24] [25] [26] . Finally, the hallmark of rare individuals who control replication of SIV and HIV replication is the expression of certain key MHC class I alleles; HLA-B*57 and -B*27 in humans and Mamu-B*08 and -B*17 in monkeys [27] [28] [29] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . Cellular immune responses can, therefore, control replication of both SIV and HIV without the help of neutralizing antibodies. Thus, we should devote considerable effort to try to develop vaccine regimens designed to induce CD8 and CD4 T cell responses. These vaccines should be tested with heterologous SIV challenges in non-human primates and if they show measures of control, should be advanced into phase IIb clinical trials. Phase I clinical trials should be undertaken at the beginning of these vector explorations because different vectors may have different effects in humans and monkeys.
Conclusion
We have shown, for the first time, that it is possible to control both the acute and chronic phase of viral replication using vaccine-induced T cell responses. This control was achieved in the complete absence of antibodies against the Env glycoprotein. The vaccinees averaged 32,000 copies/mL at peak where the controls had an average of 2.5 million copies/ mL at peak. Virus was undetectable in six of eight of the vaccinees by 40 weeks post challenge. There are, however, a number of caveats with regard to this study. This SIVsmE660 challenge is a novel challenge and an important experiment would be to see whether the Ad5 Gag/Pol/Nef vaccine regimen used in the STEP protocol could control replication of SIVsmE660 delivered by repetitive low doses across the mucosa. Additionally, it would be interesting to see whether our best vaccine, attenuated SIVmac239DNef, can control replication of SIVsmE660 after repeated mucosal challenge. Both of these experiments are now underway. Finally, a key issue would be how long this measure of control will last.
It has been difficult to find a vaccine for HIV. Classical methods of inducing antibodies and using live attenuated viruses have failed or are likely to be too dangerous to use in human populations [34, 46] . It has been impossible to date to induce broadly reactive neutralizing antibodies, the holy grail of HIV vaccine development. The field has therefore turned to a novel, and as yet untested, vaccine approach to induce T cell responses against SIV or HIV. This movement suffered a minor setback when the STEP trial using Merck's Ad5-vectored Gag, Pol, Nef failed last year [32, 33] . However, this result should not dampen our enthusiasm for making T cell-based vaccines against HIV. This Merck vaccine induced T cell responses against only three HIV epitopes. Such a limited number of epitopes was unlikely to be effective against a heterologous HIV challenge. Several recent studies have shown that vaccine-induced T cell responses can control replication of both the acute phase and chronic phase of SIV replication using both homologous and heterologous challenges [23] [24] [25] [26] . If anything, we need to redouble our efforts to test as many different vectors as we can against this variable pathogen. Testing the ability of these vectors to induce T cell responses against SIV proteins in non-human primates by rigorous SIV heterologous challenges is the only way we can prioritize our vaccine candidates for moving into phase IIb clinical trials.
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